are polyprenol lipids that are essential structural components of eukaryotic membranes. In addition, the phosphorylated derivatives of Dol function as lipid anchor of mono-and oligosaccharide precursors involved in protein glycosylation.
Introductory statement
are essential components of eukaryotic membranes, where they contribute to the organisation and fluidity of the lipid bilayer and enhance vesicle fusion [1] . Their composition varies between the kingdoms of life in respect to the number of isoprene subunits, although all Dol are assembled in the identical trans-trans-polycis conformation. In contrast to prokaryotic polyprenols, Dol α-isoprene residues are saturated [2] . Starting from acetate, the pathway leading to the formation of Dol leads via mevalonate to farnesyl-pyrophosphate and is up to this point identical to the cholesterol and ubiquinone biosynthesis pathway [1] . The enzyme cis-prenyltransferase catalyzes the elongation of farnesyl-pyrophosphate by sequential condensation of isopentenyl-pyrophosphate [2] . Prior to the NADPH-dependent reduction of the α-isoprene unit, the entirely unsaturated polyprenol-pyrophosphate intermediates are dephosphorylated by mono-or pyrophosphate phosphatases. In a terminatory step, the resulting Dol are phosphorylated by the CTP-dependent Dol-kinase [3] . Dolichol-phosphates (Dol-P) serve as lipid carriers of mono-and oligosaccharides involved in several protein glycosylation pathways [4; 5] and in the formation of the glycosylphosphatidylinositol anchor [6] . Pathogenic alterations of Dol and Dol-P levels and composition have been observed in the context of liver cancer [7] , Alzheimer's disease [8] , ceroid lipofuscinosis [9] and Dol-kinase deficiency [10] .
To date, only few techniques have been described for the analysis and quantification of Dol-P [11; 12; 13] . HPLC-based methods separate radio-labelled or fluorescently tagged polyprenol-P and are mainly restricted to tissue-derived samples [14; 15] . Whereas several mass spectrometry (MS) methods for the analysis of free Dol have been described [16; 17; 18; 19; 20; 21] , no MS method has been established to analyse Dol-P from mammalian sources, despite the essential role of Dol-P in protein glycosylation [4] .
Solely, Griffiths and co-workers have configured their MS setup to such an extent that it 4 enabled the detection of Dol-sulphates and Dol-P from standard mixtures [18] .
Furthermore, desorption electron impact and desorption chemical ionization MS spectra of mycobacterial decaprenyl-P have been recorded [22] .
The recent discovery of inherited human disorders of Dol-P and Dol-P linked oligosaccharide biosynthesis [10; 23; 24] calls for an accurate and quantitative method to measure variations of Dol-P levels in minute amounts. Here, we present the first detailed analysis of Dol-P at the cell culture scale by electrospray ionization MS (ESI-MS), which enabled the determination of Dol-P composition as well as the saturation state of the α-isoprene units. In addition, a HPLC method was adapted to allow the quantitative analysis of Dol-P isolated from cell cultures.
Materials and Methods

Materials
C80-polyprenol-P and C95-Dol-P standards were purchased from Larodan Fine Chemicals (Sweden). The mixed Dol-P standard and the fluorophore 9-anthryldiazomethane (9-ADM) were from Sigma-Aldrich (Switzerland). Acetonitrile (Scharlau, Spain), dichloromethane (Sigma-Aldrich) and n-hexane (Scharlau) were at least of HPLC grade.
Residual reagents were of analytical grade.
Cell culture
HeLa cells were cultured in DMEM (Invitrogen, USA) supplemented with 10% fetal calf serum (Bioconcept, Switzerland) under 5% CO2 at 37°C. During statin treatment, the cells were grown for 72 hours in medium containing 50 μM pravastatin (Calbiochem, USA) and the medium was changed every 24 hours.
Extraction, hydrolysis and purification of Dol and Dol-P
The extraction protocol of Elmberger and coworkers set up for tissue samples [12] was adapted for cultured cells. Approximately 3 x 10 8 HeLa cells were released by trypsinization, washed once with medium and resuspended in 6 ml H2O. Prior to the addition of 6 ml MeOH to the sample, 25 μg of C80-polyprenol-P were added as internal standard. Alkaline hydrolysis and subsequent partitioning were performed as described [12] . Briefly, the cell suspension was hydrolyzed by addition of 3 ml 15 M KOH and heated at 100°C for 60 min. After partitioning by addition of 6 ml MeOH and 24 ml dichloromethane, residual Dol-ester were further hydrolyzed at 40°C for 60 min. The lower phase was washed five times with Folch upper phase (dicholomethane / MeOH / H2O; 3:48:47) and evaporated to dryness.
Purification and separation of Dol and Dol-P were accomplished according to Elmberger et al [12] . Briefly, Dol and Dol-P were purified on a C18 Sep Pak column (Waters, USA) followed by their separation on a Silica Sep Pak column (Waters).
Dimethylation and selective demethylation of Dol-P Dol-P were dissolved in 3 ml diethylether and given to the outside tube of an Aldrich diazomethane generator system (Sigma-Aldrich). In the inside tube, 0.35 g diazald (Sigma-Aldrich) were suspended in 1 ml carbitol (Sigma-Aldrich). After assembly of the two parts and cooling in an ice bath, 1.5 ml 37% KOH were added dropwise to the inner tube. The resulting excess of diazomethane could be observed as yellow staining of the diethylether phase. After an incubation of 60 min on ice, the inside tube was removed and dimethylation of Dol-P was continued in the outside tube at room temperature for 2 h. The reaction was stopped by evaporation of the diethylether under a stream of nitrogen. The reaction products were dissolved in 4 ml of tert-butylamine (SigmaAldrich) and incubated for 14 h at 70°C to attain selective demethylation of dimethylated Dol-P [15] . After evaporation of the tert-butylamine, monomethylated Dol-P were acidified by addition of 1.5 ml of 0.1 N HCl, subsequently extracted three times with 3 ml of diethylether and evaporated to complete dryness.
9-ADM labelling
Monomethylated or untreated Dol-P were labelled with the fluorophore 9-ADM according to the protocol of Yamada and coworkers [15] . Briefly, the sample was dissolved in 600 μl of diethylether saturated with 9-ADM and incubated for 6 h on ice in the dark. The reaction was stopped by evaporation of the diethylether, and unreacted 9-ADM was separated from the reaction products by organic extraction [15] . Labelled Dol-P were dissolved in 100 µl of acetonitrile/dichloromethane (3:2).
HPLC
Chromatographic separation was performed using a LaChrom D-7000 HPLC system (Merck, Germany) equipped with an Inertsil ODS-3 column (5 μm, 4.6 x 250 mm; GL Sciences Inc., Japan) including a pre-column and a LaChrom L-7485 fluorescence detector. Isocratic elution in acetonitrile/dichloromethane (3:2) containing 0.01% diethylamine (Sigma-Aldrich) was carried out at a flow rate of 1 ml/min at 30°C [15] .
Fluorescence was detected by excitation at 365 nm and emission at 412 nm.
Mass spectrometry
Negative ion mass spectrometry was performed on a 3200 QTRAP mass spectrometer equipped with a nanoelectrospray ion source (NanoSpray II; Applied Biosystems, USA) and an Eksigent NanoLC-2D system (Eksigent Technologies, USA). Samples were dissolved in dissolution solvent (90% acetonitrile, 10% n-hexane, 0.01% diethylamine) and directly injected into a 10 µl injection loop. After loading, the loop was switched in line a 20 µm ID, fused silica capillary, connected to the emitter tip of the nanoelectrospray ion source. The sample was introduced to the ion source using the dissolution solvent at a flow rate of 0.4 µl/min. All mass spectra were acquired manually in ion trapping modes and for the Enhanced MS scans the following settings were applied: Curtain Gas flow: 10 psi, collision gas pressure: high, ion spray voltage: between -2400 V and -4500 V, interface heater temperature: 150°C, declustering potential: -200 V, entrance potential: -10 V, collision energy -10 V. Negative ion fragment spectra were acquired in Enhanced Product Ion mode and the collision energy was set to -100 V.
Results
The detection of Dol-P by direct infusion negative ion nano electronspray MS was first demonstrated of C95-Dol-P standards (C95H156PO4 -; ω-t2-c15-S-P). C95-Dol-P could be monitored at m/z 1392.5 ( Fig. 1A) , which is consistent with the theoretical mass of 1392.17 Da. The commercially available standards also contained small amounts of C90-Dol-P (C90H148PO4 -; 1324.11 Da) and C100-Dol-P (C100H164PO4 -; 1460.24 Da), which could be observed at m/z 1324.4 and 1460.6, respectively (Fig. 1A) . To confirm the identity of the C95-Dol-P, the species at m/z 1392.5 was subjected to collision induced fragmentation. The resulting MS/MS spectrum (Fig. 1B) showed a major fragment series starting at m/z 164.9 ( Table 1 ). The 164.9 Da fragment ion was assigned to reduced monoprenyl-P C5H10PO4 - (Fig. 1B insert) featuring a mass of 165.03 Da. Additional minor fragment series were also observed in the MS/MS spectrum with the starting ions at m/z 122.8 and 178.9, respectively (Fig. 1B) . All three decay series depicted the sequential elimination of single isoprene (C5H8; 68.06 Da) units [21] (Table 1) , thereby validating the assignments of the polyprenol C95-Dol-P standard.
The saturated C80-polyprenol-P standard (C80H130PO4 -; ω-t2-c13-P) was also analyzed by ESI-MS. The resulting spectrum showed a main peak at m/z 1186.7, which corresponded to hexadecaprenyl-P with the theoretical mass of 1185.97 Da (Fig. 1C) . The signals at m/z 1202.6 and 1218.4 differed from the main signal by 16 Da increments, which corresponded to oxidized forms of the C80-polyprenol-P. The spectrum showed that the standard was not completely monomolecular, since traces of C75-polyprenol-P (C75H122PO4-; 1117.91 Da) were recorded at m/z 1120.2 (Fig. 1C) . Fragmentation of the C80-polyprenol-P yielded a similar decay series (Fig. 1D) as observed for the C95-Dol-P (Fig. 1B) , thereby confirming its polymeric isoprene composition. As expected, the entire 9 fragment ion series starting at m/z 162.7 (C5H8PO4 -, 163.02 Da calculated, Fig. 1D ) was shifted by 2 Da due to the saturated α-isoprene unit of the C80-polyprenol-P (Table 2) .
In a second approach, the C95-Dol-P standards was labelled with 9-ADM without prior treatment. The purified products (Fig. 2C, insert) were separated isocratically by HPLC.
The resulting fluorescent profile showed the elution of 9-ADM labelled C95-Dol-P as a sharp peak at a retention time of 65.1 min (Fig. 2A) . Notably, two additional fluorescent species were observed eluting at 52.8 min and 80.7 min. Considering the ESI-MS spectrum of unlabelled C95-Dol-P standards (Fig. 1A) , these peaks likely represented 9-ADM labelled C90-and C100-Dol-P. The ESI-MS analysis of the collected main peak confirmed the expected composition of the product with an m/z of 1582.5 (C110H166PO4 -;
1582.25 Da calculated), while only traces of unlabelled standards could be detected at m/z 1392.7 (Fig. 2C) . The C80-polyprenol-P standard was used as spiking compound to quantify the levels of Dol-P in cell culture samples. The analysis of 2 μg of 9-ADM labelled C80-polyprenol-P (Fig. 2D, insert) by HPLC yielded a peak eluting at a retention time of 31.6 min (Fig. 2B ). The identity of this peak was confirmed by ESI-MS recording (Fig. 2D) , which produced the expected ion at m/z 1376.3 (C95H140PO4 -; 1376.05 Da).
To validate the ability of the methods to resolve Dol-P of varying lengths, a mixed Dol-P standard comprising C85 -C105-Dol-P, which are typical for mammalian cells [1] , was labelled with 9-ADM and separated by HPLC. A dimethylation and subsequent selective demethylation was included in the Dol-P preparation to improve product stability as established by Yamada et al. [15] . The fluorescent profile of monomethylated and 9-ADM labelled mixed Dol-P standard showed a clean separation of C85-Dol-P, C90-Dol-P, C95-Dol-P, C100-Dol-P and C105-Dol-P (Fig. 3A) . The ESI-MS analysis of the unlabelled mixed Dol-P standard confirmed the presence of Dol-P species in comparable ratios to those detected by HPLC (Fig. 3C, i. e. C85-Dol-P at m/z 1257.2, C90-Dol-P at m/z 1325.1, C95-Dol-P at m/z 1393.1, C100-Dol-P at m/z 1461.0, and C105-Dol-P at m/z 1528.9).
To investigate the Dol-P pool of cultured cells, we prepared batches of 2.0 x 10 8 HeLa cells. After purification and separation of Dol-P from polyprenol alcohols, 75% of the samples were labelled with 9-ADM and analyzed by HPLC. The resulting chromatograms showed that Dol-P in HeLa cells mainly consisted of C95-Dol-P (Fig. 3B) , which was in agreement with earlier reports on various human tissues [25; 26] . Additionally, C90-and C100-Dol-P were detected, but to a lower extend (Fig. 3B) . By contrast, the C85-and the C105-Dol-P species were either completely absent or their amounts were below the detection level.
The remaining 25% of the purified Dol-P pool from HeLa cells were subjected to nano-ESI-MS analysis without further treatment. Again, the main species C95-Dol-P at m/z 1392.7 was flanked by lower amounts of C90-Dol-P at m/z 1324.8 and C100-Dol-P at m/z 1460.8 (Fig. 3D) . The enhanced sensitivity of nano-ESI-MS compared to HPLC allowed the detection of minimal amounts of C85-and C105-Dol-P at m/z 1256.3 and 1529.0, respectively. To allow the quantification of Dol-P levels in HeLa cells, 25 μg of C80-polyprenol-P standard were added to each cell samples before extraction. Dol-P and polyprenol-P were separated by HPLC and the corresponding peak areas compared (Fig.   4A ). An amount of 1.43 µg Dol-P per 10 8 HeLa cells was calculated, which represented the sum of 0.21 µg of C90-Dol-P, 0.81 µg of C95-Dol-P, 0.40 µg of C100-Dol-P and 0.01 µg of C105-Dol-P (Fig. 4C) . The linearity of Dol-P quantification was confirmed by measuring increasing ratios of spiked C80-polyprenol standard to HeLa cell extracts (Fig. 4D ).
Dol and cholesterol share the same biosynthetic pathway until the formation of the C15-farnesyl-pyrophosphate intermediate [2] . Hence, statins inhibiting the 3-hydroxy-3-methyl-glutaryl-CoA reductase enzyme do not only act as cholesterol lowering drugs, 11 but also affect the synthesis of Dol and Dol-P [27; 28] . To investigate the impact of statins on the level and composition of the Dol-P pool of HeLa cells, we added 50 μM pravastatin [29; 30] to the cell culture medium for 72 h. The separation of the resulting 9-ADM labelled Dol-P by HPLC showed an overall reduction of Dol-P, which was more pronounced for Dol-P species of large isoprene chain lengths (Fig. 4B) . The pravastatin treatment decreased C90-Dol-P to 0.20 µg per 10 8 HeLa cells, whereas C95-Dol-P was reduced to 0.29 µg per 10 8 cells. Only minor amounts of C100-Dol-P, below 0.01 µg per 10 8 cells were detected (Fig. 4C) . The overall levels of Dol-P were reduced to 0.50 µg per 10 8 cells, representing 35% of the normal Dol-P levels in HeLa cells.
Discussion
The present study describes two methodological approaches to analyse and quantify low amounts of Dol-P from cultured human cells. Recording of negative ion ESI-MS spectra allowed us to determine the isoprene chain length and the saturation state of the α-isoprene of mixed polyprenol-P samples. In addition, the separation of 9-ADM labelled Dol-P and polyprenol-P by HPLC enabled the quantitative determination of Dol-P by comparison with known amounts of C80-polyprenol-P internal standard.
The limited sample volume of cultured human cell renders the detection of Dol-P a challenging task. To ensure a reliable measurement, the application of sensitive methods such as ESI-MS and fluorescence detection is indispensable. Along this line, the direct UV-detection of Dol-P established by Elmberger et al. [12] is not applicable at the cell culture scale. Earlier approaches also applied metabolic labelling of the polyprenol chain ADM has the advantage of being commercially available in contrast to other compounds applied earlier [15] . However, the drawback of 9-ADM labelling itself was a poor reproducibility because of high susceptibilty to hydrolysis. To increase the stability of the compounds during the labelling procedure, Dol-P samples were first dimethylated and selectively demethylated [15] . This step dramatically improved the stability and reproducibility of the procedure, which once optimized enabled the detection of Dol-P at the ng range (Fig. 4) .
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In all ESI-MS spectra recorded, additional signals incrementing with 16 Da could be observed. We assume that these signals were generated by oxidation of double bonds within the isoprenes, either by spontaneous epoxidation [34] or by [2 + 2] cycloaddition of molecular oxygen [35] . This phenomenon has already been observed earlier [18] and we found it more pronounced when derivatizing polyprenol-P. Constant sample storage in darkness, at -20°C and under inert atmosphere helped at keeping the oxidation to low levels.
The present combined approach can be used for the analysis of Dol-P in cells under various pathological conditions. Recently, the first inherited human disorder affecting the Dol-kinase and hence Dol-P biosynthesis has been described [10] . Since disrupted Dol phosphorylation has severe implications on protein N-glycosylation, Dol-kinase deficiency is counted as a form Congenital Disorders of Glycosylation (CDG). It is likely that additional genes from the Dol-P biosynthetic pathway, such as the cisprenyltransferase, the polyprenol mono-or pyrophosphatases or the polyprenolreductase [24] may soon be found as cause of CDG. Accordingly, the present technique represents an ideal screening tool for the detection of truncated or incompletely saturated Dol-P in patient derived fibroblasts.
We did test our Dol-P quantification method by evaluating the effect of the 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor pravastatin [29] on Dol-P levels in HeLa cells.
The statin leads to a striking decrease of Dol-P levels in addition to its action on cholesterol biosynthesis. The overall reduction to 35% of control levels mostly results from by the loss of large Dol-P species. The reason why large Dol-P are more susceptible to pravastatin treatment is unclear but it is likely that cis-prenyltransferase leads to shorter polyprenols species under conditions of limited mevalonate availability. Along 
